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Abstract 

Bone and immune system are functionally interconnected. Immune and bone cells derive from same progenitors in the bone marrow, they share a 
common microenvironment and are being influenced by similar mediators. The evidence on increased bone resorption associated with inappropri- 
ate activation of T cells such as during inflammation, is well established. However, the molecular mechanisms beyond this clinical observation have 
begun to be intensively studied with the advancement of osteoimmunology. Now days, we have firm evidence on the influence of numerous pro- 
inflammatory cytokines on bone cells, with the majority of data focused on osteoclasts, the bone resorbing cells. It has been shown that some pro- 
inflammatory cytokines could possess osteoclastogenic and/or anti-osteoclastogenic properties and can target osteoclasts directly or via receptor 
activator of nuclear factor kB (RANK)/RANK ligand(RANKL)/osteoprotegerin (OPG) system. Several studies have reported opposing data regarding 
(anti)osteoclastogenic properties of these cytokines. 

Therefore, the first part of this review is summarizing current evidence on the influence of pro-inflammatory cytokines on osteoclasts and thus on 
bone resorption. In the second part, the evidence on the role of pro-inflammatory cytokines in osteoporosis and osteoarthritis is reviewed to show 
that unravelling the mechanisms beyond such complex bone diseases, is almost impossible without considering skeletal and immune systems as an 
indivisible integrated system. 
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Introduction 

It is now well established that bone and immune 
cells are functionally connected. Diverse interac- 
tions between bone and immune cells occur with- 
in the bone microenvironment. Bone marrow 
serves as a site for priming naive T cells, recruit- 
ment of effector T cells and their proliferation (1,2). 
Bone and immune cells share the same progeni- 
tors residing in bone marrow and are being affect- 
ed by the same cytokines, influencing hematopoi- 
esis, local immune responses and bone cells as 
well. In addition, different immune cells such as 
macrophages, B lymphocytes, mast cells, natural 
killer cells (NK), etc. have been shown to influence 
bone cells as well. However, the most powerful 
players in this regulation are activated T cells. Fol- 
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lowing successful antigen-specific activation in 
secondary lymphoid tissues, T cells begin to pro- 
duce numerous pro-inflammatory cytokines such 
as interleukin (IL)-2, -4, -5, -6 and -8, tumor necrosis 
factor-a (TNF-a), transforming growth factor-p 
(TGF-P), granulocyte-macrophage colony stimulat- 
ing factor (GM-CSF), interferon y (IFN-y), etc. (3). 
These pro-inflammatory cytokines are soluble me- 
diators with pleiotropic effects on different types 
of cells. Interestingly, they affect bone cells within 
a particular bone microenvironment. The pro-in- 
flammatory cytokines can be classified either 
based on the primary source of their production, 
i.e. the type of immune cell or their specific targets 
in bone, i.e. bone cells and thus the process they 
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affect, i.e. bone resorption or formation. Although 
these cytokines can influence both, the bone form- 
ing cells (osteoblasts) and the bone resorbing cells 
(osteoclasts), the majority of existing data is fo- 
cused on the influence of immune cells on osteo- 
clasts and thus on bone resorption. Nevertheless 
we have to take in account that pro-inflammatory 
cytokines such as TNF-a and IL-17, released from 
activated T cells, can target osteoblasts as well. 
The result of such influence is the increased pro- 
duction of pro-inflammatory cytokines and RANKL 
in osteoblasts and thus the contribution of these 
cells to bone resorption (4). Depending on their in- 
fluence on osteoclast differentiation, activation or 
survival, the pro-inflammatory cytokines can 
roughly be divided into osteoclastogenic, if they 
stimulate osteoclasts, or anti-osteoclastogenic, if 
they inhibit these unique bone-resorbing cells. Ini- 
tially, the interplay between immune cells and os- 
teoclasts has been observed in clinical settings of 
increased bone resorption following glucocorti- 
coid therapy and in typical inflammatory bone dis- 
eases, such as rheumatoid arthritis (RA) and perio- 
dontal disease. The cross-talk between immune 
and bone cells via cytokines, chemokines, growth 
factors, signaling molecules and transcription fac- 
tors, has begun to be intensively studied with the 
onset of osteoimmunology. This terminus was first 
mentioned in 2000, when Arron pointed out the 
importance of studying both, the skeletal and im- 
mune system, as an integrated entity (5). The mile- 
stone for osteoimmunology however, dates far be- 
fore that, already in 1972, when Horton etal. found 
a new soluble factor in the supernatant from cul- 
tures of stimulated human peripheral blood leuko- 
cytes that was capable to trigger in vitro bone re- 
sorption (6). More than 20 years later, four different 
groups of researchers independently character- 
ized the receptor activator of nuclear factor kB lig- 
and (RANKL), an essential molecule that controls 
osoteoclastogenesis and thus bone resorption. 
The first two groups have found strong upregula- 
tion of RANKL in immune cells such as antigen- 
stimulated T cells and in mature dendritic cells (7,8) 
and the second two groups in bone marrow stro- 
mal cells (9,10). These findings pinpointed the im- 
portant role of RANKL within both, skeletal and 

Biochemia Medica 2013;23(1):43-63 



immune system, leading to first speculations that 
both systems might be functionally connected. 
However the main stimulus giving rise to osteoim- 
munology was the study of Takayanagi et al. in 
2000, where they showed in vitro bone protecting 
action of IFN-y (11). Every time our T cells are acti- 
vated, they release RANKL, the osteoclast-stimu- 
lating molecule inducing bone resorption. Inter- 
estingly, IFN-y binds to its receptor on osteoclasts, 
degrades RANKL signaling and thus inhibits the 
activation of osteoclasts and protects our bones 
from being resorbed. This cytokine is produced 
predominantly by NK and natural killer T (NKT) 
cells involved in the innate immune response, and 
by CD4+ Thl and CD8+ cytotoxic T lymphocyte 
(CTL) effector T cells, once antigen-specific immu- 
nity develops (12). 

As already mentioned the role of pro-inflammato- 
ry cytokines has been most extensively studied in 
RA (13). With the advancement of osteoimmunol- 
ogy the involvement of these soluble factors in the 
pathogenesis of bone diseases that have tradition- 
ally not been considered as inflammatory, such as 
osteoporosis (OP) and osteoarthritis (OA), has also 
been suggested (14,15). 

The scope of this review is to summarize the cur- 
rent evidence on the influence of pro-inflammato- 
ry cytokines on osteoclasts and thus on the pro- 
cess of bone resorption. In the first part, the bone 
microenvironment, involving osteoclasts, osteo- 
blasts and their connection to immune cells, will 
be addressed, while in the second part the osteo- 
clastogenic, anti-osteoclastogenic and mixed 
(dual) effects of pro-inflammatory cytokines will 
be reviewed. Finally, up to date evidence on the 
role of pro-inflammatory cytokines in OP and OA 
will be summarized, with the aim to show that re- 
searching such complex bone disorders is almost 
impossible without considering skeletal and im- 
mune system in an integrated way. 

Bone microenvironment 

The interplay between bone and immune cells 

Bone and immune cells are very similar meaning 
they have common progenitors in bone marrow, 
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they require common receptors for cell signaling, 
and immune cells have shown the ability to differ- 
entiate into osteoclast as well. 

Osteoclasts, macrophages and dendritic cells all 
derive from the same progenitors, i.e monocyte- 
macrophage lineage (16). Besides RANKL and mac- 
rophage colony stimulating factor (M-CSF), which 
are essential for commitment of the common pre- 
cursor to the osteoclast lineage and survival of 
generated osteoclasts, numerous cytokines are 
also able to influence osteoclast differentiation 
and/or function (17). RANKL, when signaling via its 
receptor activator of nuclear factor kB (RANK) on 
osteoclasts, requires expression and activation of 
costimulatory molecules, containing immunore- 
ceptor tyrosine-based activation motif (ITAM) do- 
mains. ITAMs are important components of nu- 
merous immune receptors. They are also present 
in DNAX adaptor protein 12 (DAP12) and Fc recep- 
tor y (FcRy) adapter molecules. The receptors that 
associate with DAP12 are the triggering receptor 
expressed by myeloid cells-2 (TREM-2) and the sig- 
nal regulatory protein pi (SIRP pi) (18). Receptors 
that associate with FcRy adapters in myeloid cells 
are the osteoclast associated receptor (OSCAR) and 
the paired Ig-like receptor A (PIR-A). Mice lacking 
DAP12 and FcRy are severely osteopetrotic (18,19). 
Interestingly, OSCAR can partially rescue the ab- 
normal cytoskeleton of the osteoclasts in DAP12-/- 
mice (20) and was recently shown to bind to fibril- 
lar collagen and promote osteoclastogenesis (21). 
These data suggest OSCAR as important immuno- 
receptor in osteoclastogenesis. 

Furthermore, for osteoclast precursors to turn into 
mature resorbing osteoclasts, the interaction be- 
tween members of the immunoglobulin super- 
family, namely the type-1 membrane glycoprotein 
CD200 and its receptor (CD200R), are needed. Os- 
teoclast numbers decreased and the bone mass 
was increased in CD200 deficient mice (22). During 
different phases of their development, osteoclasts 
express specific molecules such as RANK, calci- 
tonin receptor, P 3 integrin, OSCAR, cathepsin K and 
tartrate-resistant acid phosphatase (TRAP), which 
are involved in osteoclast differentiation, function 
and survival (23). 



Immune cells have shown the ability to differenti- 
ate into osteoclasts as well. Dendritic cells, which 
are professional antigen presenting cells able to 
efficiently activate naive T lymphocytes, can differ- 
entiate into osteoclasts in vitro during their early 
stage of development (24). This process is stimu- 
lated by pro-inflammatory cytokines I L-1 (3 and 
TNF-a and is inhibited in the presence of IFN-a 
(25). Moreover, osteoclasts from myeloma patients 
contain nuclei with translocated chromosomes of 
myeloma B-cell clone origin, suggesting that B- 
lymphoid lineage cells might also give rise to os- 
teoclasts (26). 

Osteoblasts, the bone forming cells, originate from 
bone marrow-residing multipotent mesenchymal 
stem cells. Osteoblasts are one of the major sourc- 
es of RANKL and in this manner they control bone 
resorption. Interestingly, they influence immune 
cells as well. Osteoblasts are critical regulators of 
the hematopoietic stem cells (HSC), located in a 
specialized structure within bone marrow, the 
niche, from where immune and other blood cells 
derive (27). This regulation occurs via annexin II, an 
osteoblast derived protein. It has been shown that 
bone marrow of annexin ll-deficient mice contains 
decreased number of hematopoetic stem cells 
(28). HSC can remain dormant or replicate to either 
self-renew or differentiate into multipotent pro- 
genitor cells capable of differentiating into lym- 
phoid or myeloid precursors. In addition, the pro- 
duction of IL-10 by osteoblasts has also been 
shown to promote the self-renewal of HSC in their 
bone marrow located niches (29). Primary osteo- 
blast lineage cells have been shown to produce M- 
CSF, granulocyte colony stimulating factor (G-CSF), 
GM-CSF, I L-1, IL-6, lymphotoxin, TGF-p, TNF-a, leu- 
kemia inhibitory factor (LIF), and stem cell factor 
(SCF), which play a role in hematopoiesis and many 
of them are involved in osteoclast development as 
well (30). 

RANK/RANKL/OPG system 

Discovery of the molecular triad RANK/RANKL/os- 
teoprotegerin (OPG) and characterization of their 
central role in the interplay between immune and 
bone cells, have contributed significantly to the 
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emergence of the osteoimmunology (31). RANKL, 
a member of the TNF superfamily, is a potent stim- 
ulator of both, osteoclast formation and their 
bone-resorbing activity (31,32). Upon binding to 
its receptor, RANK located on osteoclasts, RANKL 
signaling increases differentiation and activation 
of the osteoclasts resulting in expression of osteo- 
clast specific molecules. Although it has been pro- 
posed for a long time that the main source of 
RANKL are stromal and osteoblastic cells, a very re- 
cent study by Nakashima et al. proved that the 
main RANKL production site resides within osteo- 
cytes (33). OPG is a secreted TNF receptor super- 
family member acting as a decoy receptor mole- 
cule for RANKL, thereby counteracting its osteo- 
clastogenic activity. It is produced by a variety of 
cells, including stromal cells, B lymphocytes and 
dendritic cells (34). RANK or RANKL knockout mice 
have significant osteopetrosis with no osteoclasts. 
In contrast, animals lacking OPG develop severe 
OP due to a response to enhanced osteoclasto- 
genesis (35). Mutations in humans causing overex- 
pression of RANK are associated with familial ex- 
pansile osteolysis and expansile skeletal hyper- 
phosphatasia (36,37). Anti-RANKL specific anti- 
body, denosumab has been recently approved in 
clinical practice for the treatment of OP (38). 

Numerous osteoclastogenic factors including hor- 
mones, cytokines and growth factors, that are pro- 
duced physiologically or excessively during inflam- 
mation, are now believed to exert their primary 
activity on osteoclasts by modulating the RANK/ 
RANKL/OPG axis (39). Upon activation T cells pro- 
duce both, RANKL and pro-inflammatory cytokines 
and can thus influence osteoclastogenesis (40-42). 

The influence of pro-inflammatory cytokines 
on osteoclasts 

Several systemic and local factors are known to in- 
fluence osteoclasts and their bone resorption abil- 
ity. In a physiologic state, the osteoclast activity is 
highly balanced by those factors. In pathological 
conditions, such as excessive activation of the im- 
mune system, their activity becomes deregulated 
due to additional pro-inflammatory cytokines, 
produced mainly by activated T cells (43). As al- 
ready mentioned, the pro-inflammatory cytokines 
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are osteoclastogenic if they have shown stimula- 
tion of osteoclast differentiation and/or activity, or 
anti-osteoclastogenic, if their ability to inhibit os- 
teoclasts has been proved (44). Based on the cur- 
rent evidence, pro-inflammatory cytokines such as 
IL-1, IL-6, IL-8, IL-11, IL-17, TNF-a etc. are considered 
osteoclastogenic, and IL-4, IL-1 0, IL-13, IL-18, IFN-v, 
IFN-p etc. anti-osteoclastogenic. Th17, a special 
subtype of T helper cells, producing IL-17 and 
RANKL, are classified as osteoclastogenic, while 
the classical Th1 and Th2 cells are considered anti- 
osteoclastogenic, due to their production of IFN-y 
(Thl) and IL-4 (Th2) (45,46). Some of the pro-in- 
flammatory cytokines, such as IL-7, IL-12, IL-23, and 
IL-6 and TGF-@ as well, have been shown to pos- 
sess dual, osteoclastogenic and anti-osteoclasto- 
genic properties. It seems that their net effect de- 
pends on the specific pathophysiological condi- 
tion of bone in which they are being studied in 
vivo, while in experiments in vitro it depends on 
developmental stage of osteoclasts (43,47,48). The 
determination of their exact role in bone microen- 
vironment is even more difficult, as synergistic and 
antagonizing effects on osteoclasts of these cytok- 
ines have been observed (49-56). As already men- 
tioned, the pro-inflammatory cytokines can target 
osteoclasts directly or indirectly by modulating the 
RANK/RANKL/OPG system. The osteoclastogenic 
effect of these cytokines can be assessed by deter- 
mining the expression of osteoclast-specific genes 
encoding RANK, calcitonin receptor, p 3 integrin, 
OSCAR, cathepsin K and TRAP, being involved in 
osteoclast differentiation, bone-resorbing activity 
and survival (23). The schematic representation of 
the influence of the pro-inflammatory cytokines 
on osteoclast is shown in Figure 1. 

Cytokines with stimulating effects on 
osteoclasts (osteoclastogenic cytokines) 

Mechanisms of action of osteoclastogenic pro-in- 
flammatory cytokines, the evidence on their op- 
posite effects, and synergy or antagonism with 
other cytokines are summarized in Table 1. 

IL-1, existing in a form of IL-1a and I L-1 (3 polypep- 
tides, is produced by macrophages and is a potent 
stimulator of bone resorption, both in vitro and in 
vivo (57-61). Similarly to IL-1, TNF is also represent- 
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Osteoclastogenic cytokines: 

IL-1, IL-6.TNF, IL-8, IL-1 1, IL-15, IL-1 7, IL-32 




Anti-osteoclastogenic 
cytokines: 

IFN-y, IFN-p, IFN-a, IL-4, 
IL-10, IL-1 3, IL-1 8, IL-33 



RANK/RANKL/OPG 



Activation of osteoclasts: 

cathepsin K,TRAP, calcitonin receptor, OSCAR, P3 integrin 



Figure 1. Different influences of pro-inflammatory cytokines 
on osteoclasts. 

IL - interleukin; TNF- tumor necrosis factor; IFN - interferon; 
RANK - receptor activator of nuclear factor kB; RANKL - RANK 
ligand; OPG - osteoprotegerin; TRAP - tartrate-resistant acid 
phosphatase; OSCAR - osteoclast associated immunoreceptor. 



ed as a family of two related polypeptides a and p 
that are both potent stimulators of osteoclasto- 
genesis (60,62,63). TNF-a is produced by a variety 
of immune cells, primarily by macrophages, but 



also by NK cells, mast cells and T (Th1) and B lym- 
phocytes. Anti-TNF-a antibody is used for the 
treatment of RA (12). IL-6, produced by T cells (Th2), 
dendritic cells and macrophages, is a pivotal cy- 
tokine in acute and chronic inflammation. Interest- 
ingly, stromal cells and osteoblasts can also pro- 
duce nanomolar quantities of IL-6 in response to 
TGF-p, IL-1 and TNF-a (64). The blocking of IL-6 sig- 
naling is effective in controlling RA symptoms (65), 
as well as in vivo and in vitro blocking of osteoclast 
formation (66). Interestingly, data on direct inhibi- 
tion of osteoclast differentiation by IL-6 are also 
available (48). IL-11 is produced in bone marrow 
stromal cells and is required for normal bone re- 
modeling (67). In vitro studies have shown that it 
stimulates osteoclast formation and bone resorp- 
tion (68). Mice being deficient in specific IL-11 re- 
ceptor have increased trabecular bone mass due 
to decreased bone resorption (69). IL-1 7 exists as a 
family of six distinctive cytokines (IL-17A - F) that 
are produced by a distinct lineage of T helper lym- 
phocytes, the Th17 cells and are able to exert high 
osteoclastogenic activity (70). In a synergy with 
TNF-a and IL-1, IL-1 7 has been causatively implied 



Table 1. Osteoclastogenic cytokines. 



Cytokine 


Mechanism of osteoclastogenic 
action 


Evidence on 
direct effect on 
osteoclasts 


Synergy/Antagonism with 
other pro-inflammatory 
cytokines 


Evidence on opposite/ 
anti-osteoclastogenic 
effect 


IL-1 


t RANKL in stromal cells (54,172,173) 


(174) 


synergy with TNF-a (54), IL-6 and 
TNF-a (53) and PGE 2 (175) 




TNF-a 


t RANKL dependent 
osteoclastogenesis (176), 
T RANKL (172,173) 


(53,176-179) 


synergy with IL-1 (54), with IL-1 
and IL-6 (53), with RANKL (176) 




IL-6 


t RANKL and OPG (180) 


(181) 


synergy with IL-1 and TNF-a 
(53,182), with TNF-a (183), with 
PGE 2 (184) 


(48) 


IL-8 


t RANKL(78) 


(78,185) 




T NO (104) 


IL-11 


T RANKL/OPG (186) 


(181) 


antagonism with IL-6 (187) 




IL-15 


t differentiation of OC (188) 




synergy with TNF-a (188) 




IL-1 7 


t RANKL (189) 


(190) 


synergy with TNF-a and IL-1 
(71-73), synergy with PGE 2 (189) 


(74) 


IL-32 


T NFATcl, OSCAR and cathepsin K 
(191) 




t release of IL-4 and IFN-y (191) 





IL - interleukin; TNF-a - tumor necrosis factor a; RANKL - receptor activator of nuclear factor kB ligand; OPG - osteoprotegerin; 
Th17 - IL-1 7 producing T helper cells; NFATcl - nuclear factor of activated T cells; OSCAR - osteoclast associated immunoreceptor; 
PGE 2 - prostaglandin E 2 ; NO - nitric oxide; OC - osteoclast. 
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in the bone destruction observed in RA (71,72). IL- 
17A inhibition in an antigen-induced arthritis mod- 
el, prevented joint and bone destruction and de- 
creased the levels of RANKL, IL-1 p, and TNF-a with- 
in pathologic lesions (73). Recent study however 
showed, that the osteoclastogenic effect of IL-17A 
depends on its concentration, as only high con- 
centrations of IL-17A were able to suppress osteo- 
clastogenesis in vitro (74). Like IL-1 7, IL-1 5 can also 
be produced by T lymphocytes, although its main 
sources are monocytes/macrophages and dendrit- 
ic cells (75) and is involved in bone destruction in 
RA as well (76). Mice deficient in IL-15Ra, the spe- 
cific IL-1 5 receptor subunit have increased bone 
mineral density (BMD) and decreased numbers of 
osteoclasts (77). IL-8 belongs to a group of chemok- 
ines and is, unlike other osteoclastogenic cytok- 
ines that we have described up to this point, pro- 
duced not only by T cells and macrophages but 
also by osteoclasts themselves. It has been shown 
to play an osteoclastogenic role in metastatic bone 
disease (78). IL-32 is a relatively newly described 
cytokine showing typical properties of a pro-in- 
flammatory mediator, as it stimulates TNF-a, I L.-1 (3 
and IL-8 production. It exerts complex osteoclas- 
togenic effects, such as promoting osteoclast dif- 
ferentiation but not maturation of osteoclasts (79). 

Cytokines with inhibiting effects on 
osteoclasts (anti-osteoclastogenic cytokines) 

The mechanisms of action of anti-osteoclastogen- 
ic pro-inflammatory cytokines, the evidence on 
their functional effects, as well as synergy or an- 
tagonism with other cytokines, are summarized in 
Table 2. 

IFN-v, a type II interferon, which is produced by 
Th1 lymphocytes and NK cells, is a potent inducer 
of antigen presentation and therefore of T cell ac- 
tivation. As previously mentioned, the discovery of 
IFN-y anti-osteoclastogenic effect in vitro has initi- 
ated development of osteoimmunology (11). In 
vivo effects of IFN-y on bone tissue are more diffi- 
cult to categorize and often indicate its opposite, 
osteoclastogenic effect as well (43,80,81). It seems 
that IFN-y functions as an anti-osteoclastogenic 
cytokine in physiological conditions of bone turn- 
over as proven by lower BMD in nude and IFN-y re- 
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ceptor deficient mice (43,81). However, in patho- 
logical bone turnover such as in postmenopausal 
OP, inflammation or bacterial infection, the net ef- 
fect of IFN-y is biased towards bone resorption via 
antigen driven T cell activation and RANKL pro- 
duction (43). In rats, intraperitoneal IFN-y injections 
induced osteopenia (82), while in humans this cy- 
tokine has been reported to be efficacious in the 
treatment of osteopetrosis as it restores bone re- 
sorption (83). 

Comparing to IFN-y, there are fewer studies pub- 
lished on the effects of type I interferons, IFN-a 
and IFN-p. However, the existing data on the anti- 
osteoclastogenic activity of IFN-P are quite uni- 
form (84). Namely, mice that are deficient in IFN-(3 
exhibit severe osteopenia accompanied by en- 
hanced osteoclastogenesis (85). In order to sup- 
press the anti-osteoclastogenic effects of IFN-|3, 
osteoclast precursors have been shown to upreg- 
ulate the expression of the suppressors of cytok- 
ines signaling (SOCS) (86). Recently, the upregula- 
tion of IFN-p expression has been suggested as a 
basic molecular mechanism needed for the effica- 
cy of vitamin D (1a,25(OH) 2 D 3 ) used to treat human 
bone diseases (87). In animal models of RA, the ap- 
plication of IFN-p resulted in significantly reduced 
cartilage and bone destruction accompanied by 
downregulated expression of TNF-a and IL-6, as 
well as increased expression of IL-1 0 (88). 

There are even much more limited data on IFN-a, 
showing its anti-osteoclastogenic effects in vitro 
(89). In vivo no effect of IFN-a on bone turnover 
could be detected in rats (90), however in mice 
models of systemic lupus erythematosus it was 
shown to decrease bone resorption (91). Children 
receiving IFN-a therapy due to chronic hepatitis B 
have been shown to have higher femoral BMD 
(92). 

IL-4 and IL-1 3 are anti-osteoclastogenic cytokines, 
moreover they have shown influence on osteob- 
last as well (93,94). Transgenic mice overexpressing 
IL-4 develop an osteoporotic phenotype (95) that 
may result from both, the inhibition of osteoclast 
formation and their activity (96,97), as well as the 
inhibition of osteoblasts and bone formation (94). 
Both interleukins have also been shown to inhibit 
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Table 2. Anti-osteoclastogenic cytokines. 



Cytokine 



Mechanism of anti- 
osteoclastogenic action 



Evidence on direct effect 
on osteoclasts 



Synergy/Antagonism 
with other 
pro-inflammatory 
cytokines 



Evidence on 
opposite/ 
osteoclastogenic 
effect 



IFN-y 



IFN-B 



IFN-ct 



IL-4 



IL-10 



IL-13 



IL-18 



IL-33 



i RANK signaling (11) 
Icathepsin K(192) 
1 1,25-(OH)2 D3, PTH and IL-1 mediated 
osteoclastogenesis (193) 

negative feedback regulation of 
osteoclasts via RANKL induced c-Fos 
signaling (85) 
t RANKL induced NO release (196) 
t expression of CXCL11 (84) 

I TRAP and c-Fos (89) 

I NFATcl expression via STAT6 (197) 
i NFATcl and c-Fos expression (198) 
t OPG and I RANKL via STAT6 (199-201) 
t T cell surface molecules (202) 



TNO (104) 
t OPG and I RANKL expression (105) 



tOPG and I RANKL via STAT6 (199-201) 

T cells independent mechanism (110) 
t apoptosis of osteoclasts with t NO 
production (108) 
t OPG from stromal cells (109) 
t GM-CSF from T cells (107) 
t IFN-y from T cells (56) 

I osteoclastogenesis (112,113) 



|TRAF6(11) 
t osteoclasts' apoptosis by 
Fas/Fas ligand signals (194) 

I RANKL-induced 
osteoclasts formation (195) 



(85) 



synergy with IL-1 2 (125) 
antagonism with TNF-a 
(194) 



(43,80,81) 



(202, 203) 

i- expression of NFATcl 
(101) 
I expression of 
NFATcl, c-Fos and c-Jun 
downstream RANK 
signaling (102) 
i transcription of TREM2 
downstream RANK 
signaling (103) 



4-TNF-ct signaling, TlL-1 
(203) 



synergy with IL-1 2 
(50,55,110) 



t RANKL from T 
cells (204) 



IFN - interferon; IL - interleukin; RANK - receptor activator of nuclear factor kB; OPG - osteoprotegerin; PTH - parathyroid hormone; 
TNF-a- tumor necrosis factor a; NO - nitric oxide; CXCL11; - chemokine ligand 1 1; TRAP - tartrate-resistant acid phosphatase; NFATcl - 
nuclear factor of activated T cells; TRAF6 -TNF receptor associated factor 6; STAT6- signal transducer and activator of transcription 6; 
GM-CSF - granulocyte macrophage colony stimulating factor; TREM2 - triggering receptor expressed by myeloid cells 2. 



IL-1 stimulated bone resorption by decreasing the 
activity of cyclooxygenase-2 (COX-2) and thereby 
the production of prostaglandins (98). Additional- 
ly, IL-4 has the ability to inhibit osteoclastogenesis 
being physiologically stimulated by RANKL or 
pathologically by TNF-a (99). 



IL-10 is produced by monocytes, T cells and B cells 
(100) and inhibits not only osteoclastogenesis (101- 
105) but also osteoblastogenesis and the onset of 
mineralization (106). 

Besides IL-1 7 and IL-23, IL-18 has been also found to 
be increased in inflammation sites in RA (56). Al- 
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though it belongs to the IL-1 superfamily, and is 
also structurally similar to IL-1, it has been shown 
to exert its anti-osteoclastogenic properties via var- 
ious mechanisms (56,107-110). It is produced by 
macrophages and other cells, also osteoblastic 
ones. IL-18 overexpressing transgenic mice have de- 
creased numbers of osteoclasts and decreased 
bone mass (111). IL-33 is another member of the IL-1 
superfamily, and recent data suggest that similarly 
to IL-18, it has anti-osteoclastogenic effects (112,113). 

Cytokines with dual (opposite) effects on 
osteoclasts 

The mechanisms of action of pro-inflammatory 
cytokines with mixed, osteoclastogenic and anti- 
osteoclastogenic effects are summarized in Table 3. 

IL-7 is produced by stromal cells in red bone mar- 
row and thymus, keratinocytes, follicular dendritic 
cells and other non-hematopoietic cells. The pro- 
duction of IL-7 was enhanced in ovariectomized 
(OVX) mice where it stimulated osteoclastogenesis 

(114) . Another study found that in IL-7 deficient 
mice, as compared to wild-type animals, the num- 
bers of osteoclasts increased and the trabecular 
bone volume decreased; however both types of 
mice displayed similar bone loss following OVX 

(115) . Addition of IL-7 to murine bone marrow cells 
cultured in the presence of M-CSF and RANKL, in- 



hibited osteoclast formation as well (116). Recently, 
mice overexpressing human IL-7 in their osteoblast 
lineage were found to have increased trabecular 
bone volume in vivo and decreased osteoclast for- 
mation in vitro (117). In thymectomized women the 
levels of IL-7 and RANKL were increased compared 
to controls, however their RANKL/OPG ratios and 
indices of bone metabolism were not affected 
(118). In humans, IL-7 has shown its osteoclasto- 
genic nature in psoriatic arthritis (119) and in solid 
tumors bearing patients (120), while in those suf- 
fering from RA it was suggested to contribute to 
the perpetuation of Th1 and TNF-a mediated pro- 
inflammatory immune responses (121). 

IL-1 2 is another controversial cytokine in terms of 
its anti-osteoclastogenic/ osteoclastogenic effects 
(122). It is produced by myeloid cells, i.e. dendritic 
cells and macrophages and induces differentiation 
and activation of Th1 lymphocytes and their sub- 
sequent production of IFN-y and GM-CSF (123,124). 
There are conflicting results on the involvement of 
IFN-y in IL-1 2 mediated osteoclastogenesis inhibi- 
tion as well (50,125). 

IL-23 is produced by dendritic cells and mac- 
rophages. It plays a role in bone destruction in RA, 
as shown in mice models of RA, with animals be- 
ing deficient for either IL-1 7 or IL-23 (70,126), and in 
rat models of collagen-induced arthritis, where an- 



Table 3. Cytokines with osteoclastogenic and anti-osteoclastogenic properties. 



Cytokine 


Mechanism of osteoclastogenic 
action 


Mechanism of 
anti-osteoclastogenic action 


Synergy/Antagonism with other 
pro-inflammatory cytokines 


IL-7 


t secretion of T cells derived 
osteoclastogenic cytokines and RANKL 
(205-207) 
RANKL independent (206) 


■I of osteoclastogenesis acting 
directly on osteoclasts (116,117) 


synergy in osteoclastogenesis with 
TNF-a and IL-1 (205,206), with TNF-a 
(120,207), with TNF-a and IFN-y (121) 


IL-1 2 


t IL-1P and Th1 derived cytokines (122) 


I of osteoclastogenesis indirectly 
via T cells (50,125) 
i of osteoclastogenesis acting 
directly on osteoclasts (208) 


synergy with IFN-y (125), with IL-18 
(50,55), with IL-18 in TNF-a mediated 
osteoclastogenesis (108,209) 


IL-23 


tTM7(210) 
t IL17 (127) 
t RANKL (211,212) 


i fusion of osteoclasts precursors 

or survival of osteoclasts (213) 
I osteoclast formation via T cells 
(128) 


synergy with IL-18 in blocking 
osteoclastogenesis (128) 



IFN - interferon; IL - interleukin; RANKL - receptor activator of nuclear factor kB ligand; TNF-a - tumor necrosis factor a; Thl - type I 
helper T cells; Th17-Th subpopulation expressing IL-17. 
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imals were treated with anti-IL-23 antibodies (127). 
However, in non-pathological conditions IL-23 
functions in an opposite, anti-osteoclastogenic 
way (128). 

Transforming growth factor p 

TGF-P, an ubiquitous growth factor, is not a pro- 
but an anti-inflammatory cytokine, playing an im- 
portant and complex role in bone remodelling by 
influencing bone resorption, formation and the 
production of certain pro-inflammatory cytokines 
(47,49). It is produced by many different cells, in- 
cluding macrophages and exists in at least three 
isoforms, TGF-pM, TGF-p2 and TGF-p3. Recently, the 
role of TGF-R1 in coupling bone formation and re- 
sorption has been suggested (129). Its effects on 
osteoclasts cultured in vitro greatly depend on nu- 
merous factors, such as: differentiation stage of 
the starting cell population, cell density, the pres- 
ence or absence of serum in the cell culture medi- 
um, concentration of added TGF-R1, and whether 
its effect was studied on isolated cells or in co-cul- 
tures. In vivo the presence of other cytokines such 
as IL-1, IL-6, TNF-a, IFN-y, prostaglandin E 2 (PGE 2 ) 
etc. and environment as such determine the exact 
outcome of TGF-B1 activity (47,51). 

The pro-inflammatory cytokines and 
bone diseases 

In many pathological conditions, activated im- 
mune cells such as T lymphocytes, macrophages 
and dendritic cells produce a variety of pro-inflam- 
matory cytokines which in turn modulate osteo- 
clast activity and bone resorption as already de- 
scribed above. In continuation we will provide ac- 
tual data on the roles of certain pro-inflammatory 
cytokines in two common bone diseases, OP and 
OA. 

The role of pro-inflammatory cytokines in 
osteoporosis 

Osteoporosis has been traditionally considered an 
endocrine disease resulting mainly from the estro- 
gens decline after menopause. This change affects 
bone remodeling, leading to impaired microarchi- 
tecture of bone tissue and consequently to higher 
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risk of fractures. Since solely the endocrine point 
of view does not fully explain the pathogenesis of 
OP, the osteoimmunological approach suggests 
that activated T lymphocytes can contribute to 
menopausal changes in bone remodeling by pro- 
ducing pro-inflammatory cytokines such as TNF-a, 
IL-1, IL-6, IL-7 and IFN-y (130,131). This statement has 
caused a paradigm shift in the pathogenesis of OP, 
which can now be also classified as an inflamma- 
tory disease (4, 15,132). The effects of pro-inflam- 
matory cytokines have been initially studied in 
OVX mice which represent an experimental model 
of postmenopausal OP. Nude mice that are defi- 
cient in T cells were found to be resistant to bone 
loss following acute estrogen decline, artificially 
caused by OVX. It has been proposed that this was 
due to the lack of CD4+ subpopulation of T lym- 
phocytes (130). Another mechanism of bone loss 
due to estrogen decline is the enhanced TNF-a 
production by activated T cells (133,134). Mice defi- 
cient in IL-1 receptor (135), TNF-a (133,136) or IL-6 
(68) did not lose bone mass following OVX, while 
no difference in bone loss could be found between 
IL-7 deficient mice and the wild type animals (115). 
However, there are also studies showing the oppo- 
site effects. Namely, no influence on trabecular 
bone loss has been observed in mice lacking func- 
tional T lymphocytes after OVX (137), and addition- 
ally nude mice can develop OP as well (138). Stud- 
ies in humans have shown higher T cell activity 
and increased levels of IL-1, TNF-a and IL-6 in post- 
menopausal osteoporotic women (130,139-143). 
Higher expression of RANKL/OPG and M-CSF in 
patients with fragility fracture has also been re- 
ported (144). Furthermore, increased serum levels 
of IL-6 were proved to account for up to 34% of the 
total variance of BMD change within the first few 
years after the onset of menopause (145). In Figure 
2, the connections of the pro-inflammatory cytok- 
ines with OP phenotype in patients with low-ener- 
gy femoral neck fractures are presented according 
to results of our recently published study (146). In 
this study we found higher expression of genes 
encoding for IL-1a, IL-6, RANKL and RANK in osteo- 
porotic bone tissue. Additionally, we have found 
two genetic variants in IL-1 a gene showing possi- 
ble influence on osteoporotic phenotype, such as 
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Figure 2. Schematic representation of correlations between pro-inflammatory cytokines, osteoclasts-specific genes, bone mineral 
density and levels of bone turnover markers in osteoporosis and osteoarthritis, according to results of Zupan et al. (146). 
(-) - denotes negative correlation; (+) - denotes positive correlation; BMD - bone mineral density; RANK/RANKL/OPG - the most sig- 
nificant correlations of pro-inflammatory cytokines with RANK, RANKL and OPG genes are shown; sCathepsin K - cathepsin K serum 
levels; sOPG - OPG serum levels; sRANKL - RANKL serum levels; OSCAR - osteoclast-associated immunoglobulin-like receptor; CALCR 
- calcitonin receptor; TRAP - tartrate-resistant acid phosphatase. 
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osteoporotic fracture (147). It has been suggested 
that activated T cells could contribute to enhanced 
osteoclastogenesis in two ways, first by increasing 
the production of bone resorbing cytokines, espe- 
cially TNF-a and RANKL, and secondly, by increas- 
ing the numbers of osteoclast precursors (139,148). 
Bone cells isolated from untreated postmenopaus- 
al women showed higher mRNA expression for 
IL-1, TNF and IL-6 in comparison to those taken 
from women on estrogen replacement therapy 
(149). A blockade of both, TNF and IL-1 reduced 
bone resorption in postmenopausal osteoporotic 
women (150). Interestingly, Canadian multicentre 
osteoporosis study showed that treatment with 
COX-2 inhibitors was associated with higher BMD 
in postmenopausal women not taking estrogen 
(151). When looking at the extent of IFN-y produc- 
tion, no differences between postmenopausal os- 
teoporotic and healthy women were found (152). 
As already mentioned in case of IFN-y, differences 
exist in effects of pro-inflammatory cytokines on 
osteoclasts depending on whether the bone is be- 
ing remodelled under physiological or pathologi- 
cal conditions. In pathological conditions such as 
inflammation, infection and estrogen deficiency, 
Gao et al. have shown that the net balance be- 
tween osteoclastogenic and anti-osteoclastogenic 
effect of IFN-y is shifted towards osteoclastogene- 
sis and bone resorption (43). This is due to pre- 
dominant indirect effect of IFN-y that presents en- 
hanced antigen presentation by IFN-y to T cells 
leading to T cells' activation, proliferation and pro- 
duction of osteoclastogenic cytokines, such as 
RANKL and TNF-a. In vivo, this indirect (via RANKL) 
osteoclastogenic activity overcomes the direct 
suppressive action of IFN-y on osteoclast precur- 
sors, leading to a net bone loss. Similarly, IL-6 does 
not seem to play an osteoclastogenic role under 
physiological conditions such as the estrogen-re- 
plete state (131). 

Rodent models were used to show that TGF-pi 
and TGF-(52 prevent bone loss following OVX (153) 
and that estrogen upregulates the expression of 
TGF-P (154). There is also evidence on the involve- 
ment of TGF-P into a mechanism by which estro- 
gen deficiency upregulates the production of 
IFN-y (155,156). In humans, long-term in vivo estro- 
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gen treatment has been shown to increase serum 
levels of TGF-pl and TGF-p2 (157). 

The role of pro-inflammatory cytokines in 
osteoarthritis 

The role of pro-inflammatory cytokines such as IL- 
17, IL-1 and TNF-a in bone loss has been most in- 
tensively elucidated in RA and periodontal disease. 
In contrast to RA, OA has long been considered an 
age-related degenerative disease of cartilage with 
accompanying pathological changes in subchon- 
dral bone. Since the concept of synovial inflamma- 
tion contributing to OA was suggested, numerous 
studies have shown that the inflamed synovium 
and activated synovial macrophages importantly 
promote the osteoarthritic pathology (14,158,159). 
These results provided the missing inflammatory 
component to the pathology of this disease. Un- 
like in OP, where the influence of pro-inflammato- 
ry cytokines has been focused on bone cells, the 
most intensively studied targets of these soluble 
factors in OA are synovial cells and chondrocytes. 
Synovial biopsy specimens taken from patients 
with early OA or RA are similar in cell morphology 
and cytokine spectra, although the percentage of 
macrophages, T and B lymphocytes, as well as the 
levels of TNF-a and IL-1, are generally lower in OA 
(160). TNF-a and IL-1 have been suggested as key 
players in pathogenesis of OA. Namely, they have 
been shown to promote their own production, in- 
duce synovial cells and chondrocytes to produce 
other pro-inflammatory cytokines such as IL-6 and 
IL-8, as well as to stimulate protease and prosta- 
glandin production (158,161,162). Animal models 
and human studies of OA have shown decreased 
cartilage damage following anti-IL-1 antibody ther- 
apy or gene transfer of IL-1 Ra, the IL-1 receptor an- 
tagonist (163,164). In mice with OA, being deficient 
in IL-1 the pathology of OA was reduced (162,165). 
However, another study in IL-1 deficient mice 
found the opposite results (166), indicating a more 
complex role of IL-1 in OA. In our opinion this dis- 
repancy could be due to different models of OA in 
animals, whether IL-1 or just I L-1 (3 was studied or 
similarly to IFN-y, IL-1 could play dual role depend- 
ing on the presence of other cytokines. Interest- 
ingly, IL-4, IL-1 0 and I L-1 3 that are classified as anti- 
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osteoclastogenic cytokines according to their in- 
fluence on bone, have fully proven their anti-in- 
flammatory role in OA. They were increased in 
synovial fluid of OA patients and were shown to 
inhibit a number of pro-inflammatory cytokines, 
such as IL-1p, TNF-a, PGE 2 , etc. (161). 

Synovial macrophages play an important role in 
perpetuating the production of pro-inflammatory 
cytokines and mediating osteophyte formation 
and fibrosis in subchondral osteoarthritic bone 
(167). The latter two processes may also be under 
control of TGF-P (168). Namely, the inhibition of 
TGF-P markedly reduced both, fibrosis and osteo- 
phyte formation. The impaired TGF-p signaling 
then leads to chondrocyte hypertrophy and re- 
sults in osteoarthritic pathology of cartilage as well 
(168,169). 

Data on the influence of pro-inflammatory cytok- 
ines on osteoarthritic bone are scarce. A recent 
study pinpointed the increased gene expression 
of TGF-P (144). Our own data have shown higher 
expression of TGF-pi receptor and the anti-osteo- 
clastogenic cytokine IFN-y in bone tissue samples 
of osteoarthritic patients, and connections of the 
pro-inflammatory cytokines with BMD, serum lev- 
els of bone turnover markers and osteoclast-spe- 
cific genes as shown in Figure 2 (146). Another 
study in primary hip osteoarthritic patients showed 
positive correlations between IL-8 and bone re- 
sorption marker CTX, C terminal telopeptide of 
collagen type I in both, serum and synovium (170). 
However most of the published data indicate that 
in human OA, RANKL, released from activated T 
cells and synoviocytes, is the principal mediator of 



bone destruction. Additional proof for that is the 
fact that RANKL inhibition does not diminish in- 
flammation but effectively prevents bone loss at 
the site of inflammation (35). Also, in randomized 
controlled clinical trials no effect in preventing 
bone loss in patients with RA following IFN-y treat- 
ment could be found (171). 

Conclusion 

Thanks to recent advances in osteoimmunology, 
remarkable progress has been made in elucidating 
dynamic cross-talk between bone and immune 
cells that takes place in a complex bone microen- 
vironment. Osteoimmunology has postulated a 
new approach to studying bone diseases such as 
OP and OA that were traditionally not considered 
to be inflammatory. Data reviewed in this paper 
provide an insight into the influence of pro-inflam- 
matory cytokines on osteoclasts and thus on the 
bone resorption. They clearly show that T cell-de- 
rived cytokines can exert different effects on os- 
teoclasts very much depending on whether a 
study was performed in vitro or in vivo. A huge step 
forward to elucidation of interactions between im- 
mune and skeletal system has been made by us- 
ing animal models such as OVX mice and rodent 
models of OA. However, further studies in humans 
will be critical for clearly understanding the roles 
of pro-inflammatory cytokines in bone loss with 
the aim of raising novel therapeutic strategies for 
these kinds of patients. 
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